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Abstract. When a decision is made about prolongation of the safe service life of a critical facility above specified, 
measures are taken to diagnose its health and to determine its residual life. Evaluation of the residual life of critical 
facilities is a complex engineering problem; to solve it, one needs to have the results of a complex study of loading 
conditions and forms, mechanical characteristics, stress-strain state features, the presence of process defects and service-
induced. The aim of this study is to create experimental methods for evaluating the residual life of critical facilities. To 
do this, we develop a model of degradation of the mechanical and physical properties of materials under a complex stress 
state and thermal action which correspond to the actual service conditions of a facility. In order to judge whether it is 
possible to prolong the service life of facilities, a full-scale investigation of their functional abilities is performed on the 
basis of studying the structure and physical-mechanical properties of a limited number of samples from one batch at the 
moment of investigation and a prediction is made with the use of the developed degradation model. 
INTRODUCTION 
Due to their high ductility and low yield stress, two-phase ferrite-martensite steels (TFMS) were first used for 
products made by cold forming (die-forging, extrusion, etc.) 1–3. Studying the possibility of intentionally 
increasing the strength characteristics by controlling the amount and properties of the strengthening phase 
(martensite, bainite) with the preservation of the required level of viscoplastic characteristics due to soft ferrite has 
shown good prospects of using heterophase low-carbon steels instead of ferrite-pearlite ones as structural materials. 
Particularly, they are currently used for the production of high-strength gas and oil pipes, sheets, and strips 3–5, 8, 
9.  
MATERIALS AND RESEARCH METHODS 
The heterophase state can be formed in the following ways: 
 alloying of steels by elements increasing the stability of overcooled austenite (Mo, Cr, Ni), which makes the 
steels more expensive; 
 accelerated cooling after rolling or furnace heating; 
 heating into the intercritical temperature interval followed by cooling with a specified rate.  
This section describes a new method for creating TFMS, namely stepwise quenching including heating to a 
temperature close to Ас3 to form austenite inhomogeneous in carbon content, overcooling to below Аr1 with 
optimum soaking, during which the necessary portion of excess ferrite precipitates, and carburization of 
undecomposed austenite transforming into martensite and bainite during water quenching. 
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Stepwise quenching, as well as heating into the intercritical temperature interval, allows one to control the 
amount of soft and lamellar excess ferrite and the strengthening phase (martensite + bainite), to prevent pearlite 
precipitations and, as a result, to obtain a predictable high complex of mechanical properties of steels. 
The steels had an initial ferrite-pearlite structure resulting from normalization from 900 °C. Strip-shaped 
specimens sized 5.5×10×280 mm were heat-treated in a SNOL 2.3.1,5/10 oven. Some specimens were heated to a 
temperature of 900 or 860 °С and water-quenched after 30 min soaking. The other specimens, after austenization at 
the same temperatures, were overcooled to 680 °С with soaking of different durations and water-quenched.  
To examine the microstructure, we used an Olympus GX-51 light-optical microscope. The microsections were 
etched in a 4% solution of nitric acid in ethanol.  
Vickers hardness testing was performed according to GOST 9013-59. The 5.5×10×280 mm flat strips were 
tested for tension at a rate of 10-3 s1 in an Instron machine. The force stress was measured by a strain gauge with a 
maximum force of 50 kN.  
The X-ray diffraction analysis was performed by means of a Bruker Advance D8 diffractometer in K Cu 
radiation with the use of a monochromator. K1 lines were isolated and the crystal lattice period was precisely 
determined by the programs available in the diffractometer computer. Specimens made of the same steel, normalized 
from 900 C, were used as reference specimens. The degree of martensite tetragonality c/a and carbon content ρ 
(wt%) in martensite 13, 14 were determined by the tetragonal duplet (110)-(011+101) as 
 
 c/а =1+0.0467ρ (1) 
SELECTION OF HEAT TREATMENT CONDITIONS 
Austenization temperature makes a special contribution to obtaining a heterophase ferrite-martensite structure 
responsible for the complex of mechanical properties. Investigations have shown that, after austenization at 900 °С, 
overcooling to 680 °С followed by quenching, the steel hardness did not reach the desirable level and that it 
amounted to about at most 200 НV, although the acicular constituent amounted to ~50% in the structure. This is 
attributable to lower martensite hardness (strength), which is proportional to the carbon content 8, 7, 20. 
After austenization at Тa = 860 °С, overcooling to Тoc = 680 °С and water quenching, the steel hardness notably 
increased and proved to be fairly sensitive to the duration of soaking under overcooling (Fig. 1). This must be due to 
the appearance of different amounts of high-carbon martensite from the carbon-rich regions of austenite that has 
formed from pearlite at low-temperature austenization 6, 10, 17, 19, as well as with the precipitation of excess 
ferrite 6, 7, 16, 18, 21.  
The overcooling temperature was chosen from the consideration that, for Тoc=680 °С, the following is observed: 
 considerable incubation time and low precipitation rate of excess ferrite, which allows its amount to be 
easily dosed; 
 extremely long incubation time of pearlite precipitation, which guarantees its absence in the structure; 
 high diffusive mobility of carbon atoms, which go into the bulk of undecomposed austenite from various 
grains of excess ferrite. 
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 FIGURE 1. Effect of soaking duration under overcooling to 680 °С on the hardness of the St20 and 09G2S steels after stepwise 
quenching 
 
However, the soaking time under overcooling oc must be different for the steels under study since the 09G2S 
steel, due to lower carbon content and silicon alloying, demonstrates lower incubation time of austenite 
decomposition in step  than the St20 steel 6.  
It is obvious from Fig. 1 that the hardness of the 09G2S steel after the same oc is lower than that of the St20 
steel and that it has a steeper behavior. This is what determined the soaking times of 5 and 20 minutes, respectively, 
for the 09G2S and St20 steels, and they were subsequently used in the heat treatment of the specimens in order to 
study the microstructure and mechanical properties. 
MICROSTRUCTURE FEATURES AND MECHANICAL PROPERTIES 
The metallographic examination has shown (Fig. 2a) that the microstructure of both steels after stepwise 
quenching consists of light-colored grains of excess ferrite sized 20 to 50 µm, contacting among themselves, and 
open roundish “grains” sized 10 to 30 µm, inside which acicular martensite and bainite crystals have formed. The 
area of the “grains” of the strengthening phase is 40 to 50%. 
Electron microscopic studies of thin St20 steel foils enable these conclusions to be made more specific. In excess 
martensite grains with curved boundaries there is increased dislocation density, a little higher near acicular crystals 
of the -phase (Fig. 2b). 
Martensite of two morphological types is detected. The type I martensite crystals contain so high dislocation 
density (~11011 sm-2) that some dislocations remain intact. They have a shape of battens, ~1 µm thick, sometimes 
bundled (Fig. 2c). This type of martensite is typical of medium-carbon steels 7, 11, 12. 
Wide plates of martensite with packs of parallel ~100 Å (10 nm) thick microtwins are typical of high-carbon 
martensite (Fig. 2d).  
The battens of the -phase with cementite precipitates in the form of identically oriented cementite particles are 
interpreted as lower bainite (Fig. 2c). The width of such battens with several curved boundaries reaches ~3 µm. 
50мкм     
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The analysis of the ring electron diffraction patterns obtained from the entire object area irradiated by electrons 
has shown the presence of residual austenite. 
Thus, the electron microscopy data testify that, side by side with ferrite, in the low-carbon steel after stepwise 
quenching there is a spectrum of shear transformation products forming one by one as the temperature decreases in 
the austenite regions becoming richer and richer in carbon. 
The X-ray diffraction analysis has shown the distinctness of the structure of the specimens that have undergone 
stepwise quenching and the difference of its characteristics from those of the specimens after direct quenching. 
In the X-ray diffraction patterns of the specimens directly quenched after austenization from 860 and 900 С, the 
110 line has a strictly symmetrical profile enabling us to speak about the absence of experimentally detected 
martensite tetragonality. At the same  time, the martensite lattice period exceeds by 0.0012 Å (0.012 nm) the ferrite 







FIGURE 2. The microstructure of the St20 steel after stepwise quenching under the following conditions: Та = 860 °С 
(30 min) + Тoc = 680 °С (20 min) + water cooling 
 
The ~40% greater physical widening of the 110 and 222 interference lines in the X-ray diffraction pattern of the 
specimen quenched from 900 C as compared to that of the specimen quenched from 860 С testifies that a decrease 
in austenization temperature causes a decrease in the dislocation density and the level of microstresses by about the 
order of magnitude.  
In the X-ray diffraction pattern of the specimen after stepwise quenching, the 110 interference maximum consists 
of a sharp high peak smeared towards smaller Wolf-Bragg angles (Fig. 3). On the basis of the electron microscopy 
data, this can be interpreted as follows. The 110 reflection is the superposition of the 110 lines of ferrite, martensite, 
and bainite; the smearing of the interference maximum towards smaller Wolf-Bragg angles is due to reflection from 
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the (101) and (011) planes of tetragonal martensite having a wide range of the period ratio c/a. The area of the 101-
011 lines of martensite is 25% of the area of the 110 line, although for martensite the ratio of the integral intensity 
of the 110m and 101m+011m lines is 1:2 [13]. Obviously, this is due to a relatively small amount of tetragonal 
martensite in the specimen under study. 
A wide spectrum of martensite tetragonality (a wide range of carbon content in the martensite lattice) is caused 
by the inhomogeneity in terms of carbon acquired under low-temperature heating for quenching followed by 
overcooling. The calculation of the periods a along the 110 line and c over the minimum and maximum Wolf-Bragg 
angles of the 101-011 line yields the following values: а = 2.868 Å (0.2868 nm), с = 2.918–3.003 Å (0.2918–
0.3003 nm), c/а = 1.02–1.05.  
According to the found values of c/а and equation (1), the carbon content in the martensite, and hence in the 
austenite from which it has formed, is р = 0.5–1.2 wt%. This indicates the depth of carbon-enrichment of austenite 
microvolumes and the spread of carbon content during stepwise quenching. 
 
 
FIGURE 3. A fragment of the X-ray diffraction pattern for the stepwise-quenched St20 steel 
 
Another feature of the X-ray diffraction pattern of the specimen treated by stepwise quenching is the absence of 
physical widening 222, though it reaches 0.01695 and 0.00931 rad for the specimens quenched from 900 and 
860 °C, respectively. This is attributable to deep compensatory relaxation of internal stresses in the stepwise-
quenched specimen 15; namely, the stresses resulting from shear transformation products (martensite + bainite) are 
compensated by stresses of the opposite sign in a soft “jacket” of previously precipitated ferrite, due to the 
emergence of a dislocation ensemble in it. These high-density dislocations are detected electron-microscopically in 
excess ferrite (Fig. 2b).  
Thus, the combination of high strength and ductility in the stepwise-quenched St20 results from the formation of 
a unique microstructure consisting of “grains” of the strengthening phase with shear transformation products (from 
lower bainite to high-carbon tetragonal martensite) and grains of ferrite with high dislocation density, with the 
elastic stress fields compensating the stresses caused by the formation of martensite and bainite. The share of the 
strengthening phase is 45%. 
After quenching, both steels have a high level of strength properties with rather low ductility, especially if one 
judges by σ0.2/σu and uniform elongation δun (Table 1). The situation is opposite in the normalized state, namely 




TABLE 1. The mechanical properties of the St20 and 09G2S steels 
Steel 
oc, min 
(Тoc = 680 °C) 




– quenching 310 1355 1131 0.83 7 2 
20 stepwise quenching 265 669 400 0.60 22 14 
– normalization 134 413 259 0.63 42 28 
09G2S 
– quenching 334 1168 972 0.83 13 3 
5 stepwise quenching 258 760 460 0.60 21 12 
– normalization 162 491 359 0.73 26 15 
 
In this respect, the advantages of stepwise quenching are obvious. Ensuring enhanced (by σu  260 MPa and 
σ0.2  100 MPa) strength properties as compared to the normalized state, it provides the level of plasticity required 
by GOSTs for hot-rolled products (sheets, shapes, pipes, etc.) made from low-carbon steels (un  12–14%). 
Herewith, the strength properties of the 09G2S steel exceed a little those of the St20 steel, the level of plasticity 
being practically the same. This reveals another feature of TFMSs implying that high structural strength in them is 
reached with lower carbon content and without adding expensive alloying elements. 
 
CONCLUSION 
1. Stepwise quenching with austenization at Ta = 860 °С (30 min), overcooling to Toc = 680 °С with 20 min 
soaking for the St20 steel and 5 min soaking for the 09G2S steel forms a high complex of mechanical 
properties of the St20 steel (σu = 669 MPa, σ0.2 = 430 MPa, δtot = 22%, and δun = 14%) and the 09G2S steel 
(σu = 760 MPa, σ0.2 = 460 MPa, δtot = 21%, and δun = 12%). 
2. The strengthening phase “grains” sized 20 µm contain a spectrum of shear transformation products from 
lower bainite crystals to low-temperature martensite with ~100 Å thick microtwins and 35 µm grains of 
ferrite with high density of dislocations, whose elastic stress fields compensate the stresses caused by 
martensite and bainite formation. The degree of martensite tetragonality reaches c/а = 1.02–1.05. 
3. The soft component of the heterophase structure consists of grains of ferrite containing high density of 
dislocations, whose elastic stress fields deeply compensate the stresses arising during the formation of 
martensite and bainite. 
4. It is expedient to use stepwise quenching under the proposed conditions as the final heat treatment of 
products (sheets, shapes, or pipes) manufactured by hot rolling. 
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